Background: Regulation of vascular permeability by microtubule (MT)-associated proteins is not well understood. Results: ANP promoted MT peripheral growth and protected endothelial barrier via Rac-PAK1-dependent inactivation of GEF-H1 and consequent suppression of Rho signaling. Conclusion: A PAK1-GEF-H1 dependent mechanism mediates endothelial barrier protection by ANP. Significance: Modulation of GEF-H1 activity represents a novel approach in prevention of pathologic vascular leak.
Increased capillary endothelial permeability as well as reduced alveolar liquid clearance capacity are major pathologic mechanisms of pulmonary edema, acute lung injury (ALI), 2 and its life-threatening complication, the acute respiratory distress syndrome. Mechanisms of endothelial cell (EC) permeability involve dynamic cytoskeletal changes, assembly and disassembly of cell-cell junctions, and signaling cross-talk between various cytoskeletal compartments, such as actin networks and microtubules (MTs) (1) (2) (3) .
Previous reports have demonstrated partial microtubule disassembly induced by barrier disruptive agonists, such as thrombin, TNF␣, and TGF␤ (3) (4) (5) (6) . In ECs, microtubule depolymerization induces activation of small GTPase, RhoA, and its effector, Rho-kinase; this leads to increased myosin light chain (MLC) phosphorylation, actin stress fiber formation, and increased permeability (3) .
Microtubule-associated guanine nucleotide exchange factor H1 (GEF-H1) has been implicated in regulation of Rho activity by microtubules. In the microtubule-bound state, the guanine exchange activity of GEF-H1 is suppressed, whereas GEF-H1 release caused by microtubule disruption stimulates Rho-specific GEF activity (7) . GEF-H1 activity may be additionally regulated via phosphorylation by PAK family kinases (8, 9) and by other pathways (10, 11) .
Natriuretic peptides (atrial, brain, and C-type) belong to a family of mediators that regulate a variety of physiological functions, including vascular tone, plasma volume, and renal function (12) . In addition, atrial natriuretic peptide (ANP) exhibits other activities, such as protection of the vascular barrier in the in vivo models of lung injury induced by Gram-negative and Gram-positive pathogens (13) (14) (15) (16) . ANP also protects endothelial barrier in the models of endothelial hyperpermeability induced by lysophosphatidylcholine (17) , hypoxia, TNF␣ (14, 18) , and thrombin (19, 20) . Signaling pathways of ANP-mediated endothelial barrier involve the activation of Epac-Rap1 GTPase cascade, leading to stimulation of Rac GTPase and its downstream effector, PAK1 (19) .
This study tested a hypothesis that the protective effect of ANP in the pathologic settings of vascular endothelial barrier dysfunction is directed by Rac-PAK1-dependent GEF-H1 phosphorylation and resultant inactivation and down-regulation of barrier-disruptive Rho signaling. We used functional, imaging, biochemical, and molecular approaches as well as a two-hit model of acute lung injury to investigate ANP effects on MT dynamics, GEF-H1 microtubule association, PAK1-GEF-H1 functional interactions, Rho signaling, and vascular permeability in vitro and in vivo.
EXPERIMENTAL PROCEDURES
Cell Culture and Reagents-Human pulmonary artery endothelial cells (HPAECs) were obtained from Lonza (Allendale, NJ). Cells were maintained in a complete culture medium according to the manufacturer's recommendations and used for experiments at passages 5-8. HEK293T cells (ATTC, Manassas, VA) were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (Invitrogen). ANP and TRAP6 were purchased from Ana Spec (San Jose, CA). Antibodies to PAK1, HA, and cMyc tags were purchased from Santa Cruz Biotechnology, Inc.; antibody to endbinding protein-1 (EB1) was from BD Transduction Laboratories; anti-phospho-GEF-H1 was from Abcam (Cambridge, MA); and GEF-H1, diphospho-MLC, and phospho-PAK1 antibodies were from Cell Signaling Inc. (Beverly, MA). Reagents for immunofluorescence were purchased from Molecular Probes, Inc. (Eugene, OR). Unless specified, biochemical reagents were obtained from Sigma.
siRNA and DNA Transfections-For PAK1 knockdown, predesigned human siRNA was ordered from Ambion (Austin, TX) in purified, desalted, deprotected, and annealed double strand form. Transfection of EC with siRNA was performed as described previously (21) . After 72 h of transfection, cells were used for experiments or harvested for Western blot verification of specific protein depletion. Nonspecific RNA (Dharmacon, Lafayette, CO) was used as a control treatment. Plasmids encoding human wild type GEF-H1, wild type PAK1, and dominant negative PAK1 (H83L/H86L/K299R) constructs (22) were kindly provided by G. Bokoch; GEF-H1-S885A was kindly provided by K. Szaszi (St. Michael's Hospital, Toronto, Canada); and plasmids encoding Rac1 constitutively active (G12V) and dominant negative (T17N) mutants were purchased from the Missouri University of Science and Technology (Rolla, MO) and used for transient transfections according to protocols described previously (3, 21) . Control transfections were performed with empty vectors. After 24 -48 h of transfection, cells were treated with agonist of interest and used for permeability measurements or subjected to immunofluorescence analysis.
Measurement of Endothelial Permeability-The cellular barrier properties were analyzed by measurements of transendothelial electrical resistance across confluent human pulmonary artery endothelial monolayers using an electrical cell-substrate impedance-sensing system (Applied Biophysics, Troy, NY) as described previously (3, 23) . An express micromolecule permeability testing (XPerT) assay was recently developed in our group (24) and is now available from Millipore (Vascular Permeability Imaging Assay, catalog no. . This assay is based on high affinity binding of avidin-conjugated FITC-labeled tracer to the biotinylated extracellular matrix proteins immobilized on the bottom of culture dishes after the EC barrier is compromised by treatment with a barrier-disruptive agonist. Permeability assays were performed in 96-well plates. Briefly, HPAECs were seeded on biotinylated glass coverslips or gelatin-coated plates and grown for 48 -72 h prior to testing. FITC-avidin solution was added directly to the culture medium for 3 min before termination of the experiment. Unbound FITC-avidin was washed out with PBS (pH 7.4, 37°C), and the fluorescence of matrix-bound FITC-avidin was measured on a Victor X5 multilabel plate reader (PerkinElmer Life Sciences). In permeability visualization experiments, cells were fixed with 3.7% formaldehyde in PBS (10 min, room temperature), and immunofluorescence staining of VE-cadherin was performed as described elsewhere (21) . Images were acquired using the Nikon video imaging system Eclipse TE 300 (Nikon, Tokyo, Japan) equipped with a digital camera (DKC 5000, Sony, Tokyo, Japan); 10ϫ objective lenses were used. Images were processed with Adobe Photoshop version 7.0 software (Adobe Systems, San Jose, CA).
Immunofluorescence and Live Cell Imaging-Endothelial monolayers plated on glass coverslips were subjected to immunofluorescence staining with Texas Red phalloidin to visualize F-actin (21, 23) . For microtubule quantification, cells were fixed with Ϫ20°C methanol, and immunostaining was carried out with ␤-tubulin or EB1 antibodies as described previously (25, 26) . Briefly, the cell boundaries were outlined by VE-cadherin staining, and concentric outline shapes reduced to 70% were applied to the images to mark peripheral (outer 30% of diameter) and central (inner 70% of diameter) regions. The integrated fluorescence density in the peripheral area was measured using MetaMorph software and was calculated as a percentage of the integrated fluorescence density in the total cell area. The results were normalized in each experiment. Similar methods were applied to EB1 quantification in fixed cells except that EB1 immunoactivity was manually counted, and results were not normalized. For time lapse microtubule plus-end tracking, cells were seeded on MatTek dishes (MatTek, Ashland, MA) and transfected with GFP-EB1. Images were acquired with a ϫ100, numerical aperture 1.45 oil objective in a 3I Marianas Yokogawa-type spinning disk confocal system equipped with a CO 2 chamber and a heated stage. Time lapse images were taken with 2-s intervals for 40 -60 s. 20 consecutive images in each condition were used for projection analysis using ImageJ software. For tracking analysis, EB1 in the cell margin area (2-10 m from the cell border) was tracked with the Manual Tracking plug-in in ImageJ software. The median track length was calculated using Excel software.
Immunoblotting-After stimulation, cells were lysed, and protein extracts were separated by SDS-PAGE, transferred to nitrocellulose membrane, and probed with specific antibodies, as described previously (5) . Intensities of immunoreactive protein bands were quantified using ImageQuant software.
Co-immunoprecipitation studies and Western blot analysis were performed using confluent HPAEC or HEK293 cell line treated with vehicle or stimulated with the agonist of interest as described previously (27) . Protein extracts were separated by SDS-PAGE, transferred to PVDF membrane, and probed with specific antibodies as described previously (28) .
Animal Studies-All animal care and treatment procedures were approved by the University of Chicago Institutional Animal Care and Use Committee. Animals were handled according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. C57BL/6J mice and mice with a targeted dis-ruption of the ANP gene (strain B6.129P2-Nppa tm1Unc /J) were purchased from Jackson Laboratories (Bar Harbor, ME). The twohit model of ventilator-induced lung injury was performed as described previously (21) . In brief, mice were given a single dose of thrombin-related activating peptide, TRAP6 (1.5 ϫ 10 Ϫ5 mol/kg, intratracheal instillation), followed by 4 h of mechanical ventilation at high tidal volume (HTV; 30 ml/kg) ventilation. In experiments with ANP, animals were injected with ANP (2 g/kg, intravenously) or sterile saline twice: immediately before and 2 h after the onset of mechanical ventilation. Parameters of lung injury were evaluated by measurements of bronchoalveolar lavage (BAL) cell count and protein concentration, determination of myeloperoxidase activity in the lung homogenates, staining of lung sections for hematoxylin and eosin, and evaluation of Evans blue accumulation in the lung tissue, as described previously (15, 21) .
Statistical Analysis-Results are expressed as mean Ϯ S.D. of 3-6 independent experiments. Experimental samples were compared with controls by unpaired Student's t test. For multiple-group comparisons, a one-way analysis of variance and post hoc multiple-comparison tests were used. p Ͻ 0.05 was considered statistically significant.
RESULTS

ANP Effect on Thrombin-induced Endothelial Permeability
in Vitro-EC monolayer macromolecular permeability was analyzed using a permeability assay recently developed by our group (24) . ANP did not affect the basal endothelial permeability but significantly attenuated thrombin-induced EC permeability ( Fig. 1, A and B) . ANP also preserved the pool of acetylated tubulin, which was decreased in EC treated with thrombin alone (Fig. 1C ). These results suggest the role of ANP in the modulation of MT dynamics. This potential mechanism of ANP-dependent endothelial barrier protection in ALI was investigated in greater detail.
ANP Attenuates Microtubule Disassembly, Actin Remodeling, and Reduction in MT Growth Induced by Thrombin-The role of ANP in prevention of thrombin-induced actin stress fiber formation and reduction in peripheral microtubules was examined by immunofluorescence staining of EC monolayers. Immunofluorescent analysis of MT structure showed preservation of the peripheral microtubule network by ANP in the thrombin-treated EC ( Fig. 2A ). In addition, ANP abolished thrombin-induced stress fiber formation driven by Rho-dependent mechanism (29) . Quantitative analysis confirmed the protective effects of ANP against thrombin-induced reduction of the peripheral microtubule pool (Fig. 2B ).
Alternative analysis of thrombin and ANP effects on microtubule growth was performed by quantitative evaluation of the EB1, a marker of microtubule plus-ends, at the peripheral areas of methanol-fixed EC. The results show a decreased fraction of peripheral EB1 immunoreactivity in thrombin-treated EC (Fig.  3A ). Quantitative analysis of the peripheral EB1 immunoreactivity is shown in Fig. 3B . This reduction of peripheral EB1 presence was abolished by ANP.
Effects of ANP treatment on microtubule dynamics in control and thrombin-stimulated cells were further examined using a live imaging approach. EC were transfected with GFPtagged EB1, which tracks the growing plus-end of microtubules. EB1 tracking in live cells was performed as described previously (25, 26) . Projection images were generated as described under "Experimental Procedures." Thrombin stimulation caused reduction of the length of EB1 tracks, which represents episodes of uninterrupted microtubule growth (Fig. 4A ). These thrombin effects were completely abolished by ANP pretreatment ( Fig. 4B ). These results demonstrate that ANP blocks thrombin-induced reduction in both the length of microtubule continuous growth and the number of growing ends at the cell margin.
ANP Preserves the Dynamics of Microtubule Growth to Cell Periphery in Thrombin-treated Cells via a PAK1-dependent
Mechanism-Involvement of PAK1 in the mechanism of ANP-mediated preservation of MT growth in thrombin-challenged EC was tested by an siRNA-based knockdown approach. In contrast to control EC transfected with nonspecific RNA duplex and treated with ANP and thrombin ( Fig.  5A ), transfection with PAK1-specific siRNA abrogated ANP-induced protection of microtubule continuous growth (Fig. 5B ). Furthermore, PAK1 depletion had no effect on MLC phosphorylation induced by thrombin, but it suppressed inhibitory effects of ANP on MLC phosphorylation (Fig. 5C ). The role of PAK1 activity in the ANP effects on thrombin-induced changes in microtubules, actin cytoskeleton, and endothelial permeability was tested in the following experiments. We further tested effects of dominant negative PAK1 expression on changes in HPAEC permeability caused by thrombin challenge with and without ANP pretreatment. After 24 h of transfection, HPAECs were treated with thrombin with or without ANP pretreatment, and transendothelial electrical resistance was monitored over time. Transfection with PAK1-DN abrogated protective effects of ANP against thrombin-induced transendothelial electrical resistance decline, suggesting PAK1 involvement in the ANP-mediated EC barrier-protective effects (Fig. 6C ).
Effects of Thrombin and ANP on the GEF-H1 Interactions with Microtubules and PAK1 in Endothelial Cells-GEF-H1
localizes to microtubules and serves as an important regulator of Rho activity (7) . Existing data indicate that GEF-H1 activity may be regulated in different systems by phosphorylation mediated by PAK1, PAK2, or PAK4 (9, 10, 30). We investigated the effects of thrombin and ANP treatment on the PAK1-GEF-H1 association and PAK1 and GEF-H1 site-specific phosphorylation.
Analysis of site-specific phosphorylation of GEF-H1 immunoprecipitated from control, thrombin-stimulated, and ANPstimulated HPAECs shows GEF-H1 phosphorylation at the PAK-specific Ser 885 site in ECs stimulated with ANP but not with thrombin ( Fig. 7A ). We next examined whether ANP induces phosphorylation of GEF-H1 associated with microtubules. The results show low levels of GEF-H1 phosphorylation in the MT fractions isolated from control and thrombin-treated ECs but significant elevation of Ser 885 phosphorylation induced by ANP ( Fig. 7B ). We next examined potential functional association between GEF-H1 and PAK1 induced by ANP. The results show that ANP increased the presence of GEF-H1 in the PAK1 immunoprecipitated complexes (Fig. 7C) . These data suggest a PAK1-dependent mechanism of GEF-H1 phosphorylation induced by ANP. In the next experiments, we used coexpression of GEF-H1 and PAK1 mutants in the HEK cell expression system to more precisely define the PAK1-GEF-H1 functional interactions.
Role of PAK1 in GEF-H1 Phosphorylation-PAK1 is a downstream effector of Rac1 GTPase, which may become activated in response to chemical and mechanical stimuli. In HEK cells, Rac activation can be achieved by treatment with EGF (31). The EGF stimulation was used in the following experiments to activate Rac1-PAK1 signaling. EGF treatment induced association between exogenously expressed wild type GEF-H1 and wild type PAK1 monitored in coimmunoprecipitation assays. In contrast, EGF failed to increase GEF-H1 association with dominant negative PAK1 mutant in EGF-stimulated cells (Fig. 8A) . EGF stimulation of cells co-expressing GEF-H1 and wild type PAK1 induced GEF-H1 phosphorylation at Ser 885 (Fig. 8B) . In contrast, EGF-induced GEF-H1 phosphorylation was not observed in cells expressing dominant negative PAK1 mutant. Involvement of the Rac1-PAK1 mechanism in the GEF-H1 phosphorylation was further verified in experiments with coexpression of GEF-H1 and constitutively activated (Rac1-CA) or dominant negative (Rac1-DN) Rac1 mutants. Increased GEF-H1 phosphorylation was observed in cells expressing Rac1-CA but not in cells expressing Rac1-DN (Fig. 8C ).
PAK1 and Rac1 Mediate GEF-H1 Phosphorylation in Pulmonary ECs Induced by ANP and Thrombin Stimulation-The findings made in the HEK cell model were further verified in the agonist-stimulated primary human pulmonary artery endothelial cells. ANP stimulation caused GEF-H1 phosphorylation in ECs with ectopic expression of wild type PAK1, whereas ectopic expression of PAK1-DN mutant blocked ANP effect (Fig. 9A) . In turn, expression of constitutively activated Rac1 and wild type PAK1 induced significant GEF-H1 phosphorylation even in the absence of agonist stimulation (Fig. 9B) . In cells expressing wild type PAK1, stimulation with ANP was required to induce GEF-H1 phosphorylation. ANP also stimulated GEF-H1 phosphorylation in thrombin-treated ECs expressing wild type PAK1 (Fig. 9B) .
Role of GEF-H1 Phosphorylation on ANP Protective Effects-To study the functional significance of GEF-H1 phosphorylation for ANP effects, endothelial cells were transfected with the Ser 885 phosphorylation-deficient mutant, GEF-H1-S885A, or the wild type GEF-H1. After 24 h of transfection, HPAECs were treated with thrombin with or without ANP pretreatment, and permeability changes were monitored over time. Transfection with GEF-H1-S885A abolished protective effects of ANP against thrombin-induced hyperpermeability (Fig. 10A ). Furthermore, ectopic expression of phospho-deficient GEF-H1 mutant suppressed inhibitory effects of ANP on thrombin-induced MLC phosphorylation, suggesting the role of GEF-H1 inhibitory phosphorylation in the ANP-mediated EC barrierprotective effects (Fig. 10B) .
ANP Attenuates Lung Vascular Leak in the Two-hit Model of Acute Injury-In the next experiments, we used animal model of lung injury to characterize MT-associated signaling involved in ANP effects. Mice exposed to HTV mechanical ventilation were injected with TRAP to recapitulate the two-hit model of ALI (32) . Evaluation of the BAL samples from wild type mice after 4 h of TRAP/HTV revealed a significant increase in BAL protein content as compared with the non-ventilated control mice or mice treated with ANP alone (Fig. 11A ). This increase was significantly attenuated by ANP pretreatment.
TRAP/HTV-induced lung vascular leak was also detected by Evans blue dye accumulation in the lung parenchyma, which was evident in mice after 4 h of TRAP/HTV. Images of original lung preparations showing Evans blue extravasation are shown in Fig. 11B . In turn, pretreatment with ANP substantially decreased the Evans blue accumulation shown in the images of lungs collected from control and TRAP/HTV-exposed animals. Quantitative analysis of Evans blue-labeled albumin extravasation further confirmed these results (Fig. 11C) .
ANP Attenuates Lung Vascular Leak and Inflammation in the Two-hit Model of Lung Injury-Exposure to 4 h of TRAP/
HTV caused a significant increase in total cell count as well as elevated numbers of neutrophils compared with the non-ventilated controls (Fig. 12A ). Measurement of myeloperoxidase activity in the lung tissue and morphological analysis of lung injury by H&E staining were used as additional parameters of neutrophilic infiltration and inflammation. ANP caused a marked attenuation of TRAP/HTV-induced lung inflammation (Fig. 12, B and C) . These protective effects were accompa- nied by attenuation of Rho signaling detected by decreased levels of MLC phosphorylation in the lung tissue. Importantly, ANP treatment increased the pool of acetylated ␤-tubulin representing stable MTs and stimulated site-specific phosphorylation of PAK1 and GEF-H1 known to affect their functional activity (Fig. 12, D and E) .
Next, we evaluated parameters of ALI induced by TRAP/ HTV in ANP knock-out mice (strain B6.129P2-Nppa tm1Unc /J).
After 4 h of mechanical ventilation, parameters of lung injury in ANP Ϫ/Ϫ mice and matched controls were analyzed by measurements of BAL protein content and cell count. In comparison with wild type controls, ANP Ϫ/Ϫ mice developed more severe lung injury manifested by a 1.5-fold increase in BAL protein concentration and a nearly 2-fold increase in total cell count and neutrophil count (Fig. 13, A-C) .
Effects of ANP on the lung vascular leak induced by HTV/ TRAP were evaluated by measurements of Evans blue extravasation into the lung tissue. Evans blue accumulation in the parenchyma was significantly increased in the ANP Ϫ/Ϫ mice (Fig. 13D ). Histological analysis of lung sections stained with hematoxylin and eosin revealed that TRAP6/HTV caused more severe inflammatory cell infiltration in the lungs of ANP Ϫ/Ϫ mice (Fig. 13E ). Biochemical analysis of tissue samples showed higher levels of MLC phosphorylation and decreased content of phospho-PAK1 and acetylated tubulin in ANP Ϫ/Ϫ mice (Fig.  13F) . Rescue experiments with ANP administration demonstrated inhibitory effects of ANP on Rho pathway activation in the TRAP/HTV model (Fig. 13G) . These results demonstrate that ANP Ϫ/Ϫ mice develop more severe injury in response to TRAP/HTV. Taken together, in vivo data reveal strong protective effect of ANP against lung vascular dysfunction and suggest the involvement of microtubule-dependent signaling in the ANP protective response.
DISCUSSION
This study demonstrates a novel mechanism of ANP barrierprotective effects in endothelial cells and a two-hit model of TRAP/HTV induced lung injury. In this mechanism, ANP exerts barrier-protective effects through stabilization of MTs, Rac1-PAK1 dependent phosphorylation of GEF-H1, and resultant down-regulation of Rho signaling. This mechanism was supported by experiments with expression of activated or dominant negative Rac, which correspondingly promoted or abolished PAK1-mediated GEF-H1 phosphorylation.
Direct stabilization of microtubules by plant alkaloid taxol attenuated lung injury induced by LPS (33) and inhibited the Rho pathway of endothelial permeability caused by thrombin and TGF-␤1 (3, 5) . GEF-H1 association with MTs is known to block GEF-H1 Rho-specific nucleotide exchange activity (7) . These published data are consistent with our observation of a thrombin-induced decrease in GEF-H1 association with the MT fraction, which was abolished by ANP pretreatment (data not shown). We also observed preservation of peripheral MT growth by ANP in thrombin-stimulated ECs. Tracking MTs in ECs stimulated with ANP and thrombin or in cells expressing dominant negative PAK1 showed that ANP not only stabilizes existing MTs but also restores in a PAK1-dependent manner the MT growth to cell periphery affected by thrombin. PAK1 inhibition also abrogated ANP-induced MT preservation and inhibited ANP protection against thrombin-induced actin stress fiber formation and Rho-dependent MLC phosphorylation. Furthermore, ANP stimulated PAK1-GEF-H1 association, leading to GEF-H1 phosphorylation at Ser 885 . Importantly, expression of Ser 885 phosphorylation-deficient GEF-H1 mutant suppressed protective effects of ANP against thrombininduced EC barrier disruption.
FIGURE 7. Effects of ANP and thrombin on GEF-H1-MT and GEF-H1-PAK1
interactions in pulmonary ECs. HPAECs were stimulated with ANP (100 nM) or thrombin (0.5 units/ml) alone or were pretreated with ANP followed by thrombin challenge. A, analysis of GEF-H1 phosphorylation in control, thrombin-treated, and ANP-treated cells was performed after GEF-H1 immunoprecipitation (IP) under denaturing conditions using GEF-H1 phospho-Ser 885 antibodies. Staining of total GEF-H1 was used as a control. *, p Ͻ 0.05 versus vehicle. B, detection of phospho-GEF-H1 in MT fractions isolated from control and agonist-stimulated ECs. Protein loadings were equalized by GEF-H1 content in the MT fractions; *, p Ͻ 0.05 versus thrombin alone. C, immunoprecipitation from vehicle-and ANP-stimulated HPAECs using PAK1 antibody followed by Western blot detection of total and phosphorylated GEF-H1. Membrane reprobing with PAK1 antibody was used as a control; *, p Ͻ 0.05 versus vehicle. Error bars, S.D. WCL, whole cell lysates.
Phosphorylation of Ser 885 was shown by a number of kinases, including PAK1, PAK2, PAK4, Aurora A/B, Par1b, PKA, and MAPK (8 -11, 30, 34) . GEF-H1 phosphorylation at Ser 885 was also shown to regulate GEF-H1 binding to microtubules. However, conflicting reports in the literature regarding the functional significance of site-specific GEF-H1 phosphorylation suggest more complicated mechanism of GEF-H1 functional control. For example, phosphorylation of GEF-H1 at Ser 885 by PAK1 or PKA induces 14-3-3 binding to the exchange factor and relocation of 14-3-3 to microtubules and inhibits GEF-H1associated nucleotide exchange activity in cells and suppresses GEF-H1-dependent, Rho-mediated stress fiber formation in fibroblasts (9, 35) . GEF-H1 phosphorylation at Ser 885 /Ser 959 also inhibits RhoA-specific GEF activity of GEF-H1. As a consequence, GEF-H1 phosphorylated on both of the serine residues loses the ability to stimulate RhoA and fails to induce RhoA-dependent stress fiber formation (11) . In contrast, another study shows that ERK-dependent GEF-H1 phosphorylation at Thr 678 leads to activation of Rho, whereas both Rac and Rho activation require GEF-H1 phosphorylation at Ser 885 (34) .
In silico analysis (by PhosphoSite) suggests that GEF-H1 can undergo phosphorylation at 36 residues, indicating sophisticated phosphorylation-dependent regulation of GEF-H1 activity (36) . In addition to phosphorylation at Ser 885 in the N-terminal domain, PAR1b also phosphorylates GEF-H1 at C terminus on Ser 143 , Ser 172 , and Ser 186 . This phosphorylation causes dissociation of GEF-H1 from microtubules, which could activate GEF-H1 (37) . Collectively, these data suggest that phosphorylation of GEF-H1 at multiple sites may have both positive and negative effects on GEF-H1 activity and association with MTs depending on the biological context. Thus, unique sets of signaling kinases activated by different agonists or changes in mechanical microenvironment may explain the different modes of regulation of GEF-H1 functional activity by phosphorylation in physiologic and pathologic settings.
Our data show that PAK1 is critical for ANP-induced GEF-H1 phosphorylation and association with MTs, MT stability, growth dynamics, and protective effects of ANP against thrombin-induced EC permeability. Both the ectopic expression of dominant negative PAK1 and siRNA-induced PAK1 knockdown prevented GEF-H1 phosphorylation. Because ANP also stimulates PKA in pulmonary ECs (19) , we also cannot exclude additional PKA-dependent phosphorylation of Ser 885 or other putative sites within GEF-H1. Whether PKA phosphorylates other sites in the GEF-H1 remains to be determined. ANP-induced GEF-H1 phosphorylation was abolished by overexpression of dominant negative PAK1. These data further support the role of PAK1-induced GEF-H1 phosphorylation in the ANP-mediated mechanism of MT stabilization, attenuation of Rho-dependent stress fiber formation, and increased endothelial permeability. Although we cannot exclude PAK2 and PAK4 roles in the ANP effect, our experiments with ectopic expression of PAK1 suggest potential redundancy in GEF-H1 regulation by PAK variants.
Of note, thrombin reduced the pool of stable MTs (Fig. 1C ) and inhibited the peripheral growth of EB-1-positive MTs, which was restored by ANP co-treatment. These findings are consistent with increased GEF-H1 targeting to the MTs caused by PAK1 phosphorylation. Additional support for our observation came from a recent report by Nagae et al. (38) , who described the existence of two populations: centrosomal and non-centrosomal MTs. These MT populations were shown to have different biochemical characteristics, mechanisms of sta-bilization, and preference for GEF-H1 binding. Assuming that GEF-H1 is preferentially localized on peripheral MTs that are prone to thrombin-induced disassembly, most of the GEF-H1 becomes released upon agonist stimulation. Thus, normalized MT fractions of control, ANP-stimulated, and thrombin-stimulated cells may represent different pools of MTs containing different levels of bound GEF-H1.
The proposed PAK1-GEF-H1-MT mechanism of ANP barrier-protective effects was also supported by an animal model of acute lung injury. ANP suppressed vascular leak and lung injury caused by TRAP/HTV. These effects were accompanied by increased PAK1 phosphorylation and tubulin acetylation in the lung homogenates. ANP barrier-protective effects in pulmonary endothelial culture were associated with increased PAK1 and GEF-H1 phosphorylation, an increased pool of stable MTs, and decreased levels of phospho-MLC. These results support the PAK-GEF-H1 pathway as an additional mechanism contributing to the ANP-mediated protection of the lung against inflammatory agents and injurious mechanical stimuli. Thus, in addition to the previously reported attenuation of ventilatorinduced lung injury in mice by siRNA-induced GEF-H1 depletion (21) , this study describes the ANP-induced protection in the TRAP-VILI model via more delicate regulation of GEF-H1 function by PAK-dependent phosphorylation.
The pathologic role of Rho activation in animal models of acute lung injury and EC cultures stimulated with ALI-relevant agonists or high magnitude cyclic stretch is well recognized (29, 39, 40) , and pharmacologic inhibition of the Rho pathway by prostanoids, simvastatin, S1P receptor agonist FTY720, or Rho kinase inhibitor Y-27632 has been proposed as a potential treatment of ALI (41) (42) (43) (44) (45) . However, endogenous regulators of excessive Rho activation in ALI are not well characterized. We show ANP as a potential agent that protects lung dysfunction caused by TRAP/HTV. Thus, increased ANP levels observed in ALI patients may represent an important compensatory mechanism aimed at attenuation of injury and lung barrier dysfunc-FIGURE 12. ANP prevents lung dysfunction in the two-hit model of acute lung injury and stimulates PAK1 signaling and microtubule stability. Mice were injected with ANP or saline, followed by mechanical ventilation at HTV (30 ml/kg, 4 h) with or without TRAP6 injection or left spontaneously ventilated. A, total cell count and neutrophil counts were determined in BAL collected after TRAP/HTV exposure. *, p Ͻ 0.05 versus TRAP/HTV. B, myeloperoxidase (MPO) activity was measured in lung tissue homogenates; *, p Ͻ 0.05 versus TRAP/HTV. C, lung sections from control and TRAP6/HTV-treated mice with or without ANP. Micrographs show hematoxylin and eosin staining; magnification, ϫ40. D, PAK1 and MLC phosphorylation and the amount of acetylated tubulin after 4-h exposure of mice to TRAP/HTV with or without ANP were determined by Western blot analysis of lung tissue homogenates. Bar graphs depict the quantitative densitometry analysis of Western blot data. *, p Ͻ 0.05 versus TRAP/HTV. E, site-specific GEF-H1 phosphorylation in the lungs of mice treated with ANP alone was determined by Western blot analysis. Equal protein loading was confirmed by membrane reprobing for total ␤-tubulin; *, p Ͻ 0.05 versus saline. Error bars, S.D. tion. This notion is supported by data that show that ANP knock-out increases the severity of lung inflammation and barrier dysfunction caused by bacterial pathogens (15, 16) or thrombin and excessive mechanical ventilation (this study).
In conclusion, we propose a mechanism of ANP-mediated EC barrier protection in the model of acute lung injury (Fig. 14) . A pathologic regional mechanical strain associated with mechanical ventilation and circulating inflammatory media-tors, such as thrombin, activate the Rho pathway of vascular endothelial barrier dysfunction. The Rho-Rho kinase cascade triggers actomyosin contraction and EC retraction, leading to the formation of paracellular gaps and vascular leak. In concert with this, Rho-Rho kinase induces phosphorylation and inactivation of MT-stabilizing proteins, such as Tau protein, leading to depolymerization of peripheral MTs (46 -48), which causes release and activation of GEF-H1 and further propagation of FIGURE 13 . Analysis of TRAP/HTV-induced lung injury in ANP knock-out mice. ANP knock-out mice (Nppa Ϫ/Ϫ ) or matched controls were exposed to TRAP6 and HTV (30 ml/kg) for 4 h. Protein concentration (A), total cell count (B), and neutrophil content (C) were measured in BAL fluid. D, TRAP/HTV-induced vascular leak was assessed visually and further quantified by spectrometric determination of Evans blue-labeled albumin extravasation into the lung tissue. E, TRAP/ HTV-induced neutrophilic infiltration was evaluated by histological analysis of lung sections from wild type and Nppa Ϫ/Ϫ mice. F, PAK1 and MLC phosphorylation and the amount of acetylated tubulin in lung samples from TRAP/HTV exposed wild type and Nppa Ϫ/Ϫ mice were analyzed by Western blot with phosphospecific antibodies. Bar graphs depict the quantitative analysis of Western blot densitometry data. *, p Ͻ 0.05 versus wild type. G, MLC phosphorylation in Nppa Ϫ/Ϫ mice exposed to TRAP/HTV with or without ANP treatment. Equal protein loading was confirmed by probing of membranes with total ␤-tubulin antibodies. *, p Ͻ 0.05 versus TRAP/HTV. Error bars, S.D.
barrier-disruptive Rho signaling. In turn, ANP inactivates GEF-H1 via Rac-PAK1-mediated phosphorylation at Ser 885 and possibly other sites, thus leading to Rho down-regulation, MT stabilization, and protection of EC barrier function. These events may lead to attenuation of lung injury. However, the reported mechanism of PAK1-GEF-H1-MT-mediated protective effects of ANP may be relevant to many other pathologic conditions associated with increased endothelial permeability, including sepsis, inflammation, prolonged mechanical ventilation, burn, and trauma.
